to developing centrosomes in a Sas-4-dependent manner (Fig. 2) . Together, these results suggest that Sas-4 regulates PCM recruitment through several protein complex types. Interestingly, it seems that tubulin exists in the multiple Sas-4 complex types ( Fig. 1b-d ). As tubulin is significantly more abundant than other centrosomal proteins, Sas-4 probably interacts with free tubulin before the formation of the centrosomal protein complexes. If the Sas-4-tubulin interaction is a first step, then tubulin may regulate centrosomal complex formation and PCM recruitment.
We began testing this hypothesis by comparing the abilities of Sas-4, which can bind tubulin, to a mutated version of Sas-4, which cannot bind tubulin. For this, we used an amino-terminal fragment of Sas-4 (Sas-4-N) that includes its tubulin-binding site 12, 13 ; we also used a mutated version of Sas-4-N (Sas-4-N T), which lacks the two amino acids essential for tubulin binding 12, 13 . As expected, Sas-4-N T failed to pull down tubulin from embryonic high-speed lysates (HSLs) . Surprisingly, Sas-4-N T pulled down significantly more Cnn, Asl, D-PLP, γ-tubulin and Grip128 than was pulled down by Sas-4-N (Fig. 3a) . We then tested the effects of tubulin on the ability of Sas-4-N or Sas-4-N T to bind centrosomal proteins. Increasing amounts of tubulin progressively inhibited the binding of Sas-4-N to centrosomal proteins but did not inhibit the binding of Sas-4-N T (Fig. 3b,c) . These results suggest that tubulin can negatively regulate the formation of centrosomal protein complexes.
To test this hypothesis in vivo, we generated transgenic Drosophila that express full-length Sas-4 T in the sas -4 S2214 null (sas-4∆T :: Fig. S1a ). These phenotypes suggest defects in centrosome biogenesis 14, 15 and that tubulin binding to Sas-4 is essential for centrosome function and proper cilia formation. However, sas-4∆T::sas-4 S2214 flies had correct numbers of centrosomes, indicating that Sas-4 T rescued this aspect of Grip91, Grip84, Grip163, Grip128 and Grip75, and γ-tubulin small complexes (γ-TuSCs): Grip91 and Grip84 (ref. 36) . Embryonic extracts were used as a positive control; mouse IgG beads were used as a negative control. The use of extract depleted of centrosomes and the absence of the centriole-core protein Sas-6 indicate that the purified complexes were not centrosomes. (b) Immunopurified Sas-4 complexes fractionate at distinct densities in a 5-40% sucrose gradient. Individual fractions are analysed by western blot. Tubulin co-fractionates with Sas-4 across the gradient. Co-fractionation patterns probably represent different complex types: S-CAP (Cnn, Asl and D-PLP proteins, solid rectangle; S-γ-TuSC and S-γ-TuRC, dashed rectangles. The fractionation pattern of S-CAP complexes in a narrow range of low-density fractions, and γ-tubulin and Grip protein fractionation at intermediate and high densities, were consistent with previous reports 5, 36 . However, the fractionation patterns of γ-TuSC and γ-TuRC protein complexes do not exhibit clear peaks as previously demonstrated, suggesting that Sas-4 interacts with assembly intermediates of γ-tubulin ring proteins. (c,d) The immunopurified Sas-4 complexes are unlikely to be part of an unstable large complex that destabilizes during immunopurification. HSL (high-speed lysate) of Drosophila embryonic extract was first fractionated in a 5-40% sucrose gradient (c) and the immunopurifications of the distinct Sas-4 complex types were performed on distinct fractions (marked by dashed rectangles and named S-CAP, S-γ-TuSCs and S-γ-TuRCs; d). Note that Sas-4 and tubulin were detected in all of the complex types. Embryonic extract was used as a positive control; mouse IgG beads were used as a negative control. In a-d, HSLs were diluted such that the tubulin concentration was below 0.2 µM to prevent tubulin polymerization; furthermore, Sas-4 complexes were purified at 4 • C in the presence of nocodazole (330 nM). In b and c, the arrows mark the corresponding peaks of the sedimentation coefficient standards. Figure 2 Sas-4 is essential for recruiting S-γ-tubulin complexes to centrosomes. (a-e) Centriolar structures labelled by Ana-1-GFP in control testes, but not in sas-4 S2214 null mutant testes, recruit components of S-γ-tubulin complexes as tested using antibodies specific to γ-tubulin, Grip75, Grip84, Grip91 and Grip163. The dashed squares mark the enlarged areas shown in the lower panels. The histograms on the right show the fraction of Ana-1-positive centriolar structures (CS) that are also positive for the respective proteins tested in the control (grey) and in sas-4 S2214 (white). As described previously 5 , Ana-1-GFP-labelled centriolar structures from each testis were counted within a 20 µm 2 area that is ∼25 µm away from the tip of a testis (dotted lines). The mean ± s.e.m. of three independent testes are shown. (a-e) Scale bars, 10 µm (main images) and 1 µm (insets).
* * * P < 0.001. S1c ). This is consistent with reports that Sas-4, and in particular, the tubulin-Sas-4 interaction, is required for centriole elongation 13, [16] [17] [18] .
In addition to its well-known role in centriole formation, Sas-4 plays an important role in PCM formation and in regulating centrosome size 3, 10, 11 . Achieving proper centrosome size and capability requires Sas-4 and Cnn (refs 2,3). As Sas-4 scaffolds centrosomal complexes that include Cnn, regulation of Sas-4 complex formation may indirectly control centrosome size. Indeed, although Cnn is normally detected only in mitotic or meiotic centrosomes, interphase spermatogonium and spermatocyte centrosomes of sas-4∆T::sas-4 S2214 contained Cnn ( Fig. 3d, To better understand how tubulin operates in the regulation of PCM recruitment, we focused on the biochemical properties of the Sas-4-tubulin interaction. Tubulin is a guanine binding protein having GTPase activity, which hydrolyses tubulin-GTP into tubulin-GDP (ref. 7) . Tubulin has a different conformation when present as tubulin-GTP versus tubulin-GDP and its conformation acts as a molecular switch that regulates microtubule dynamics 7 . Therefore, we speculated that the conformation of tubulin might also regulate the formation of Sas-4 complexes. For this, we analysed the binding of tubulin to Sas-4-N in the presence of GDP or GMPCPP (a non-hydrolysable GTP analogue) 24 . Sas-4-N, which includes the tubulin-binding site of Sas-4, prevents microtubule polymerization when present in excess 6, 12, 25 . Tubulin-GMPCPP at 0.5 µM (which is below the concentration necessary for microtubule polymerization 26 )
had fourfold less binding to Sas-4-N than tubulin-GDP at the same concentration (Fig. 4a) . Similar results were obtained by isothermal titration calorimetry experiments, indicating that tubulin-GDP has a higher affinity for Sas-4 than tubulin-GMPCPP has ( Supplementary  Fig. S4 ). However, as the affinity of tubulin to Sas-4 seems to be high (Fig. 3b,c and Supplementary Fig. S4 ) relative to the cytoplasmic concentration of free tubulin (∼10 µM; ref. 27) , it is likely that cytoplasmic Sas-4 is bound to either tubulin-GDP or tubulin-GTP. Therefore, it is possible that conformation of this bound tubulin (depending on which guanine is present) regulates the formation of Sas-4-containing complexes.
To investigate this, we purified and analysed Sas-4 complexes from HSLs exposed to GDP or GMPCPP. Although the quantity of Sas-4 present in the purified complexes was unaffected by GDP or GMPCPP exposure, the amounts of other centrosomal proteins in the Sas-4 complex were affected. More specifically, HSLs exposed to GDP had 6-12-fold increases in the amounts of particular centrosomal proteins relative to HSLs exposed to GMPCPP (Fig. 4b,c) . Therefore, when bound to tubulin-GDP, Sas-4 acts similarly to Sas-4 T in that it accumulates excess centrosomal proteins in its complexes. Perhaps, the binding of tubulin-GTP to Sas-4 sterically hinders the binding of Sas-4 to other centrosomal proteins and tubulin-GDP reverses the steric hindrance, allowing Sas-4 to bind the centrosomal proteins. Together, it seems that the binding of Sas-4 to tubulin-GDP (but not tubulin-GTP) favours the formation of centrosomal protein complexes.
To confirm this, we first investigated whether Sas-4 complexes preferentially contain GDP. We immunopurified Sas-4 complexes from embryonic HSLs treated with [α-
32 P]GTP and analysed the complexes using thin-layer chromatography. Tubulin that was not bound to Sas-4 contained [α-
32 P]GTP, whereas purified Sas-4 complexes instead contained mostly [α-32 P]GDP, which is the hydrolysed product of [α-
32 P]GTP (Fig. 4d) . Sas-4-N, but not Sas-4-N T, was able to pull down GDP (Fig. 4e) . Accordingly, when in a Sas-4 complex, tubulin binds GDP.
Second, we investigated the effects of treatments with griseofulvin, a compound that changes the conformation of tubulin and induces hydrolysis of tubulin-bound GTP into GDP (ref. 28), on the composition of Sas-4 complexes. Griseofulvin increased the quantity of centrosomal proteins in purified Sas-4 complexes (Fig. 4f,g ); this is consistent with our data for HSLs exposed to GDP (Fig. 4b,c) . Together, these results suggest that the conformation of tubulin can regulate the formation of cytoplasmic Sas-4 complexes.
We then studied how tubulin modulates PCM recruitment. Typical GTP-binding proteins (G proteins), that is, heterotrimeric G proteins and the small GTPases belonging to the Ras superfamily, act as molecular switches whose function depends on their GTP-or GDPbound state. G proteins have both low intrinsic GTPase and guanine exchange activities and require GTPase-activating proteins (GAPs) and guanine exchange factors (GEFs) as catalysts 29, 30 . Accordingly, we investigated whether tubulin can exhibit the characteristics of a typical G protein during PCM recruitment by acting as a molecular switch.
It is known that free tubulin has low intrinsic GTPase activity and exists as tubulin-GTP (ref. 7) . Therefore, if a tubulin switch is involved in PCM recruitment, it is expected that a GAP exists that induces tubulin to hydrolyse its bound GTP into GDP. We investigated whether Sas-4 functions as a tubulin GAP and found that Sas-4-N enhanced the intrinsic GTPase activity of tubulin, as measured by the release of inorganic phosphate (Fig. 5a ). This suggests that Sas-4 can function as a tubulin GAP.
Tubulin is known to have high guanine exchange activity and readily exchanges its GDP with GTP (ref. 31 ). On the other hand, although tubulin-GTP disfavours the formation of centrosomal protein complexes (Fig. 4b) , Sas-4 complexes are quite stable regardless of whether they are exposed to GDP or GMPCPP ( Supplementary  Fig. S5a-c) . Therefore, for a Sas-4 complex to remain stable, the guanine exchange activity of tubulin must remain low. To assay the effects of Sas-4 on the guanine exchange activity of tubulin, we added
[α-
32 P]GTP to tubulin bound to Sas-4 (Sas-4-N) or not bound to Sas-4 (Sas-4-N T). The amount of exchanged [α-32 P]GTP was then determined by scintillation counting and thin-layer chromatography ( Fig. 5b and Supplementary Fig. S5d ). Consistent with previous reports, tubulin had a high rate of guanine exchange in the absence of bound 31 Sas-4. In contrast, GTP exchange was not observed in the presence of Sas-4. These results suggest that Sas-4 inhibits the guanine exchange activity of tubulin and can stabilize the Sas-4-tubulin complex.
Eventually, Sas-4 complexes are recruited to centrosomes. So, we investigated how centrosomes affect guanine exchange and the stability of Sas-4 complexes. In the presence of centrosomes, tubulin did not have an increase in guanine exchange when tubulin is unbound to Sas-4 ( Fig. 5b and Supplementary Fig. S5d ). This indicates that centrosomes cannot increase the intrinsic guanine exchange activity of tubulin. In contrast, in the presence of centrosomes, the guanine exchange activity of tubulin was significantly increased when it was bound to Sas-4. Therefore, centrosomes seem to undo the inhibition of the guanine exchange activity of tubulin by Sas-4. Consistently, centrosomes also destabilize the Sas-4-tubulin interaction (Fig. 5c ). In the absence of centrosomes or in the presence of centrosomes exposed to GDP, Sas-4-tubulin complexes remained stable; however, in the presence tubulin-GDP (lower row). However, when centrosomes (+Cen) and GMPCPP are added together, the interaction between tubulin and Sas-4 is weakened, releasing the partner that is not immobilized to the resin; this is not observed when centrosomes and GDP are added together. (d) Centrosomes can induce Sas-4 complex disassembly allowing Sas-4-interacting proteins to remain in the centrosome and Sas-4 to be released into the cytoplasm. Isolated centrosomes (Cen) were mixed with Sas-4 complexes (Com) in the presence of GMPCPP or GDP, and subjected to velocity sedimentation. Proteins bound to the centrosome are found in the pellet (P), whereas proteins not bound to the centrosome are found in the supernatant (S). Supplementary Fig. S6 . of centrosomes exposed to GMPCPP, Sas-4-tubulin complexes were destabilized and dissociated, potentially allowing Sas-4 to be released into the cytoplasm (Fig. 5c) .
To further investigate this, we mixed isolated centrosomes, purified Sas-4 complexes and either GMPCPP or GDP. The reaction mixture was subjected to velocity sedimentation, which pelleted centrosomes along with their bound proteins 5 . When exposed to GDP, Sas-4-complex proteins, Sas-4 and tubulin were in the pellet (Fig. 5d) , indicating that the Sas-4 complexes were bound to centrosomes. However, when exposed to GMPCPP, the Sas-4-complex proteins were in the pellet, yet some Sas-4 and tubulin were released into the supernatant. This indicates that centrosomes have guanine exchange activity that releases Sas-4 and tubulin from Sas-4 complexes, whereas other complex proteins remain in the centrosome (Fig. 5d) . This is consistent with the observation that Sas-4 traffics between centrosomes and cytoplasm 8 . PCM recruitment is tightly coupled to the cell cycle 32 . Mathematical models 33 and analyses of global cytoskeleton remodelling 34 predict that microtubule breakdown releases tubulin-GDP, causing its concentration to increase when cells enter mitosis. Given our above observations that tubulin-GDP promotes complex formation, this increase in its concentration may promote PCM recruitment. At present, there are no tools to determine this directly. Therefore, we analysed centrosomes of cells treated with taxol, a compound that stabilizes microtubules and reduces tubulin-GDP release into the cytoplasm 35 . As expected, taxol-treated mitotic centrosomes of Sas-4-GFP-transfected cells had significantly less Cnn, whereas, mitotic centrosomes of Sas-4 T-transfected cells were less sensitive to taxol (Fig. 5e) . Although taxol may affect centrosomes through multiple mechanisms, our data suggest that cytoskeleton remodelling regulates recruitment of Sas-4 complexes to centrosomes. Furthermore, treating cells with griseofulvin, which enhances Sas-4 complex formation, increased Cnn incorporation into the centrosome (Fig. 5f) . Together, the taxol and griseofulvin experiments show that modulating tubulin in cells affects PCM formation.
Our findings reveal a previously unknown function of tubulin. We show that tubulin can negatively control Sas-4 complex formation and, thereby, regulate PCM recruitment. Tubulin is a molecular switch that can regulate the formation of Sas-4 complexes and the recruitment of centrosomal proteins to a developing centrosome. The data described above were used to formulate a model whereby tubulin coordinates normal PCM recruitment (Fig. 5g) . In the cytoplasm, tubulin-GTP binds Sas-4, which prevents Sas-4 from forming complexes with centrosomal proteins (Fig. 5gi) . When Sas-4 activates the GTPase of tubulin, hydrolysis of tubulin-GTP into tubulin-GDP takes place; tubulin-GDP can initiate Sas-4 complex formation (Fig. 5gii) . In addition, Sas-4 complex formation may be enhanced when the tubulin-GDP concentration in the cytoplasm is increased owing to microtubule depolymerization (Fig. 5giii) . Sas-4 binding to tubulin-GDP stabilizes the Sas-4-tubulin complex by blocking the exchange of GDP with GTP. Sas-4-tubulin-GDP then interacts with other centrosomal proteins to form one of the various types of Sas-4-containing complex (Fig. 5giv) . When a Sas-4 complex tethers to a centrosome, the guanine exchange activity of tubulin is induced by the centrosome, causing the release of tubulin and Sas-4 and allowing the recruitment of centrosomal proteins to the centrosome (Fig. 5gv) .
Typical G proteins act as molecular switches whose function depends on their GTP-or GDP-bound state. Here, during PCM recruitment, we show that tubulin acts as a molecular switch whose function depends on its GTP-or GDP-bound state. Therefore, in PCM recruitment, tubulin acts like a typical G protein. By manipulating this switch, it may be possible to target cancerous cells, which are known to have abnormal centrosomes and PCM (ref. 1).
METHODS
Methods and any associated references are available in the online version of the paper. (Arg 114 and 115 of Sas-4 were replaced with glutamic acids) constructs in pGEX-2T were a gift from the Tang laboratory. sas-4-N was subcloned into a modified pET24b(+) vector, which contained both a GB1 and HIS tag at the N terminus, to generate a fusion protein 37 . To generate Drosophila expressing full-length Sas-4 T in the sas-4
S2214
null background, the sas-4 cDNA amino acids Arg 114 and 115 of Sas-4 were replaced with glutamic acids. For in vivo expression of wild-type or mutant Sas-4, constructs that include the sas-4 promoter were subcloned into a pUAS vector with an in-frame carboxy-terminal GFP such that Sas-4 was expressed at near physiological levels and was not overexpressed. Stable Drosophila S2 cell lines expressing variants of Sas-4 were prepared as previously described 12, 15 . For experiments with taxol, Drosophila S2 cells were incubated for 10 h with 50 nM taxol.
Drosophila embryonic extracts. Drosophila embryonic extracts of low-speed lysates or HSLs were prepared as described previously 38 . Low-speed lysate was used to isolate centrosomes. HSL was used for the immunopurification of Sas-4 complexes and pulldown assays. All HSLs used in this study contained 330 nM nocodazole and all manipulations were performed at 4 • C to avoid any spontaneous microtubule nucleation.
Western blot. Samples were resolved in 8% polyacrylamide gels and transferred into nitrocellulose membranes. The blots were incubated with primary antibodies overnight at 4 • C followed by peroxidase-conjugated secondary antibodies at room temperature for 1 h. Super Signal West Pico or Femto Chemiluminescent substrate (Pierce) was used to detect peroxidase activity. Molecular masses were determined by comparison to Precision Plus Protein Standard (Bio-Rad).
Immunofluorescence and electron microscopy. Pupal testes were dissected in PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min. Blocking was done with 1% BSA and 0.1% Triton X-100 in PBS for 45 min. Antibody labelling was performed for 1 h at room temperature or overnight at 4 • C followed by three washes in PBS. Confocal images were collected using a Leica TCS SP5 scanning confocal microscope. Images were processed using Adobe Photoshop. Electron microscopy was performed as previously described 15, 39 .
Immunopurification of native Sas-4 complexes and pulldown assays.
Embryonic HSL was added to the anti-Sas-4-coated protein G beads and incubated at 4 • C for 4 h. The beads were extensively washed with sucrose-free embryonic extract buffer with 0.1% Triton X-100, and then washed twice with embryonic extract buffer. Sas-4 complexes were eluted from the beads using 500 µg ml −1 of a synthetic peptide that encompassed the epitope sequence of Sas-4 (5 -GLKQRFKINPDQLRLENLPRYKFANAHPQ-3 ). For GST pulldowns, the bait used was a recombinant GST-tagged Sas-4-N or Sas-4-N T immobilized to glutathione-agarose resin. The bait-bound resins were mixed with HSL for 3 h at 4 • C. Glutathione (20 mM) was used to elute the complexes from resins. An anti-tubulin antibody (Sigma, T3952) was used for tubulin immunopurification in the co-immunoprecipitation experiments.
Sucrose gradient velocity sedimentation. Immunopurified Sas-4 complexes or centrosomes were fractionated using sucrose gradient velocity sedimentation of 15-60% or 5-40%. Centrifugation at 243,000g for 13 h at 4 • C was performed using an SW-40 rotor (Beckman Coulter). For sedimentation coefficient standards, we used BSA (4.3S), alcohol dehydrogenase (7.4S), beta-amylase (8.9S) and bovine thyroglobulin (12S) that were run on an identical gradient.
Biochemical assays. To test for [α-
32 P]GDP incorporation in Sas-4 complexes, [α 32 p]GTP (3,000 Ci mmol −1 ; PerkinElmer) was spiked into HSL. Sas-4 complexes were immunopurified and eluted using 8 M urea solution. Denatured proteins were then spun in a 3 kD cut-off centrifuge filter (Millipore) and the filtrate was spotted onto a thin-layer chromatography (TLC) sheet (cellulose PEI, Sigma). The air-dried sheet was developed in 1 M NaH 2 PO 4 at pH 4 until the front reached 9 cm beyond the sample application line. The TLC sheets were exposed to a Molecular Dynamics phosphorimager screen (Bio-Rad). Standards of GDP and GTP were run in parallel and their relative positions were marked after using ultraviolet illumination.
A similar procedure was followed for measuring [α-32 P]GTP uptake by the Sas-4-N-tubulin complex. In addition to TLC, scintillation counting was performed. In these experiments, biotinylated tubulin was bound with streptavidin resins to avoid analysing endogenous tubulins.
GAP activity of Sas-4 was estimated according to the manufacturer's instruction using a malachite green reagent (GTPase assay kit, Innova Biosciences). The colour change due to the release of inorganic phosphate was measured photometrically at A 650 nm .
To investigate the effect of centrosomes on the stability of Sas-4-tubulin-GDP, a biotinylated-tubulin was used. A Sas-4-tubulin-GDP complex was initially made by mixing Sas-4-N and biotinylated-tubulin in the presence of GDP. The resulting mixture was bound to either streptavidin (through biotin) or IgG (through the GB1 tag of Sas-4-N) resins.
Step gradient velocity sedimentation was used as previously described to investigate the effect of the guanine exchange activity of centrosomes on the stability of native Sas-4-complexes 5 .
ITC. Protein samples were prepared in sucrose-free embryonic extract buffer with 0.5 mM TCEP. ITC (ITC200 system, Microcal) was run at an equilibrium temperature of 25 • C. The concentration of the protein in the well (tubulin) was 20 mM and the concentration of the protein (Sas-4-N) in the syringe was 200 mM. The results were integrated using Origin (OriginLab) and fitted with the nonlinear least-squares curve fitter provided by the software package. 
